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When the spatial location or identity of a sound is held constant, it is not masked as effectively by
competing sounds. This suggests that experience with a particular voice over time might facilitate
perceptual organization in multitalker environments. The current study examines whether listeners
benefit from experience with a voice only when it is the target, or also when it is a masker, using
diotic presentation and a closed-set task (coordinate response measure). A reliable interaction was
observed such that, in two-talker mixtures, consistency of masker or target voice over 3–7 trials
significantly benefited target recognition performance, whereas in three-talker mixtures, target, but
not masker, consistency was beneficial. Overall, this work suggests that voice consistency improves
intelligibility, although somewhat differently when two talkers, compared to three talkers, are
present, suggesting that consistent-voice information facilitates intelligibility in at least two
different ways. Listeners can use a template-matching strategy to extract a known voice from a
mixture when it is the target. However, consistent-voice information facilitates segregation only
when two, but not three, talkers are present.VC 2016 Acoustical Society of America.
[http://dx.doi.org/10.1121/1.4942589]
[DB] Pages: 1037–1046
I. INTRODUCTION
Segregating a target voice from concurrent sounds in a
“cocktail-party” environment is one of the most complex oper-
ations performed by the auditory system. This ability involves
both sensory processes used to derive individual sound fea-
tures, and cognitive mechanisms such as attention and working
memory that help a listener attend to a target stimulus, ignore
masking sounds, and extract sound meaning (Darwin, 1997).
The task of understanding one voice that is competing with
other speech signals is challenging because the waveforms of
the target and masking sounds overlap in time and frequency
and thus stimulate overlapping regions of the cochlea and audi-
tory nerve; this phenomenon is referred to as “energetic
masking” (Durlach, 2006). Masking can also occur because of
the perceptual similarity between the target and masking sig-
nals; this is a form of “informational masking.” When masking
is informational, both the masker and the target are audible, but
the listener is either unable to segregate the components of the
target signal from those of the masker, or is unable to assign
the uttered words to the target talker correctly (Brungart et al.,
2001; Durlach et al., 2003; Kidd et al., 2005).
When a masking voice is present, listeners rely on
acoustic cues, such as differences in frequency, timbre, onset
time, and cues to sound location in order to segregate
sounds. For example, different-sex talkers are easier to seg-
regate than same-sex talkers, since the acoustic characteris-
tics of male versus female voices perceptually differentiate
them (Brungart et al., 2001), and the spatial separation of
target and masking signals also provides substantial release
from masking (Hawley et al., 2004). The ability to report
what a target talker is saying when a masking talker is pres-
ent also improves when listeners can rely on non-acoustic
cues such as previous knowledge or experience (Nygaard
and Pisoni, 1998; Yonan and Sommers, 2000; Freyman
et al., 2004; Davis and Johnsrude, 2007; Johnsrude et al.,
2013). For instance, Freyman et al. (2004) observed signifi-
cant release from speech-on-speech masking when listeners
were exposed to the beginning of each target sentence prior
to trial presentation, and then asked to identify the last
(unprimed) word.
When trying to extract a target from competing speech
signals, listeners can benefit from the consistent presence of
a specific target talker. The coordinate response measure
(CRM) procedure (Bolia et al., 2000; Brungart et al., 2001)
is a common tool for intelligibility multitalker mixtures. The
participant listens for a target call sign in a mixture, and
reports the color-number coordinate to which that call sign
was told to go. Target identification performance on the
CRM task was better when listeners were provided with a
priori information about the vocal characteristics of the
target talker (i.e., when this voice was used as the target
throughout an experimental block of 180 trials) compared to
when the target voice changed from trial to trial (Brungart
et al., 2001). This was true for three- and four-talker
mixtures and, to a lesser extent, for two-talker mixtures, with
greater improvement in different-sex and mixed-sex than in
same-sex configurations (Brungart et al., 2001). Similarly,
when 1 target and 12 masking speech signals were presented
in a sequence of 13 partially overlapping timeslots randomly
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assigned to 13 loudspeakers, listeners’ speech-reception
thresholds improved significantly when the voice identity or
spatial location of the target talker was constrained across
trials (Kitterick et al., 2010). In another experiment, 5
sequences of 4 spoken digits from the TIDGIT database
(Dehaene and Cohen, 2007; digits 1–9 recorded by 15 differ-
ent male talkers) were presented simultaneously, with the
digits in each temporal position of the sequence coming
from 1 of 5 possible spatial locations. Listeners had to report
the digits designated as target [cued by a lighted light-
emitting diode (LED) on one of the loudspeakers; Best et al.,
2008]. In this experiment, listeners were better at extracting
a target sequence when all four digits in the sequence came
from the same spatial location compared to when the spatial
location changed from one digit to the next, and this benefit
was enhanced when the identity of the target talker was also
held constant, compared to when it changed, between digits. In
another study, performance on the CRM task improved when
the location of the target talker remained fixed from trial to
trial in two-, three-, and four-talker situations, compared to
when it varied (Brungart and Simpson, 2007). Last, it was
recently observed that when listeners were asked to report a
five-digit sequence embedded in competing reversed digits
spoken by different talkers, they perform better when the iden-
tity of the target talker remained the same across the sequence,
compared to when it switched between successive digits,
regardless of whether they were informed prior to the task that
the target talker would be held constant (Bressler et al., 2014).
Although research demonstrates that listeners can use
the consistent presence of a target voice to better segregate
and understand a target signal in multitalker environments,
the effects of consistency of a masker voice are less well
established. Studies of non-speech stimuli suggest that lis-
teners can use prior knowledge about maskers to better
extract information in complex auditory scenes. For
instance, detection of a target narrowband tone-burst
sequence embedded in multi-tone maskers was better when,
on each trial, listeners were cued with the multi-tone
maskers compared to when they heard a notched noise band
(notch centered on the center frequency of the target) prior
to the pattern-detection task (Kidd et al., 2011). In multi-
talker situations, presenting a masking speech signal at an
expected versus an unexpected spatial location can improve
target speech intelligibility (Allen et al., 2011), although this
effect is not consistently observed (Jones and Litovsky,
2008). In a recent study examining the effects of voice famil-
iarity on speech segregation using the CRM procedure (but
not the CRM corpus of voices), listeners were significantly
better at reporting coordinates from voices of strangers, age-
and sex-matched to that of their spouse, when their spouse’s
voice was used as the masker in a two-talker mixture
(Johnsrude et al., 2013), compared to when voices from
other age- and sex-matched strangers were used as maskers.
This indicates that knowledge of the characteristics of a par-
ticular voice can be a useful cue to aid intelligibility, not
only when that voice is the target, but also when it is the
masker and outside the focus of attention.
Another study using the CRM procedure (and voice
corpus; Brungart and Simpson, 2004) examined whether
monaural target-detection performance was influenced by
holding either the voice identity and/or the content of 1 or
both masking voices (presented in the same or contralateral
ear as the target) constant across blocks of 120 trials. They
observed that performance improved when the content of the
masking phrase in the target-ear was held constant, but no
significant improvement was observed when the voice iden-
tity of the masking talker or talkers (one or two maskers, in
two- or three-voice conditions) was constant across trials.
Better performance was found when the voice identity of the
maskers was constant only when the content of the phrases
was also held constant, and for conditions where both the
identity and content were constant for the two masking sig-
nals. These results suggest that listeners might not benefit
from the consistent presence of a masking voice, at least in a
dichotic task when they are specifically asked to attend to
the target presented in one ear. A different pattern of results
may be obtained in diotic tasks when participants have to
attend to the entire mixture and isolate the target. The ques-
tion therefore remains as to whether or not listeners benefit
from the consistent presence of a masker voice in a diotic
multitalker mixture consisting of either two or three voices.
Better intelligibility of speech due to experience with a
target voice may be due to better segregation, or to more
accurate, or more efficient, matching of the utterance to a
learned template (Bregman, 1990). In contrast, better intelli-
gibility of a random target when the masker voice is consist-
ent from trial to trial would suggest an effect on sound
segregation itself, since template matching is thought only to
occur when the signal being matched is the focus of attention
(i.e., the target; Bregman, 1990).
Here, we present two separate experiments that examine
how the consistent presence of a particular target or masker
voice influences comprehension of a target message in same-
sex two-talker (experiment 1) and three-talker (experiment
2) diotic speech mixtures. We expect better performance
(word report) when the target voice is held constant com-
pared to when no voice is consistent over trials as previously
observed (Brungart et al., 2001; Bressler et al., 2014). If
masker consistency improves segregation, we would also
expect better report of a non-constant target when the masker
voice is constant, compared to when the masker varies over
trials. Additionally, if voice consistency does facilitate
comprehension, it would be helpful to know whether the
consistent voice had to have the same role for a benefit to be
realized. Accordingly, another experimental condition was
defined in which one voice was held constant, but its role
switched from target to masker across successive trials.
II. EXPERIMENT 1: EFFECTS OF THE CONSTANT
PRESENCE OFATARGET OR MASKER VOICE
IN ATWO-TALKER MIXTURE
A. Method
1. Listeners
Twenty-five native English speakers (five males; three
left-handed; age range 18–21 yr; mean age 19 yr), naive
with respect to the test materials and task, participated. All
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passed audiometric screening, with pure-tone thresholds
over a range of frequencies (250–4000Hz) in the normal
range [group mean 4.1 dB hearing level (HL), range
1.9–12.5 dB HL]. This study was cleared by the Queen’s
University General Research Ethics Board, and informed
consent was obtained from all participants.
2. Stimuli and procedure
On each trial, participants were asked to follow a target
voice presented concurrently with one masking voice, using
an adaptation of the CRM procedure (Bolia et al., 2000).
The sentences were of the form “Ready ‘Call Sign’ go to
‘Color’ ‘Number’ now,” and listeners had to indicate on a
computer screen the color and number spoken by a target
voice (i.e., talker uttering the call sign “Baron”). The masker
voice always uttered a different call sign (either “Arrow,”
“Charlie,” or “Eagle”). The color-number coordinates for the
target and masker sentences were also always different and
were randomly chosen from an array of four colors (white,
blue, red, and green) and eight numbers (1–8). The response
array at the end of each trial consisted of four colored rows
of the numerals 1–8, and the participant indicated the correct
color-number coordinate with a mouse click. In-house
recordings (44100Hz sampling rate, 16-bit resolution) from
12 male and 12 female talkers (age range 22–44 yr) were
used as stimuli. 128 sentences (4 call signs, 4 colors, and 8
digits) from the CRM database were recorded from each
talker and lasted about 3 s (2989ms on average, 159ms
standard deviation) to maximize temporal alignment of
words so that listeners would have to segregate the concur-
rent phrases to understand them.
The experiment took place in an Eckel (Morrisburg,
Ontario, Canada) single-walled soundproof booth. Stimuli
were presented through a RME (Haimhausen, Germany)
Fireface 400 soundcard at a comfortable listening level
[72–82 dB sound pressure level (SPL)], and were delivered
diotically over Sennheiser (Wedemark, Germany) HD 265
headphones. MATLAB (The MathWorks, Natick, MA)
(www.mathworks.com) was used to present the task and
collect responses.
Four within-subject conditions were defined. In the
target condition, the target voice was constant from one trial
to the next, but the masker voice changed from trial to trial.
In the masker condition, the masking voice was constant
across successive trials, but the target voice changed from
trial to trial. In the switch condition, one voice was constant
across successive trials, but its role switched from target to
masker and back again. Since different mechanisms may be
involved in perception when the constant voice is the focus
of attention (i.e., target) and when it is not (i.e., masker), the
trials in the switch condition were assigned to switch_T (tar-
get constant) and switch_M (masker constant) conditions for
the analysis. The other voice in the switch condition varied
randomly from trial to trial. In the baseline condition, both
voices were different on every trial. Over the course of the
experiment, each participant heard all 24 recorded voices.
Each recorded voice had a similar probability of occurrence
in the different conditions, and the identity of the target and
masker voices was counterbalanced across participants to
eliminate the possible confound of perceptual differences
between voices. Target detection was measured at three
target-to-masker ratios (TMRs; 3, 0, þ3 dB), with 50 trials
of each condition at every TMR. (TMR was varied by
changing the amplitude of the target voice relative to a
constant-amplitude masker.)
150 trials of each condition were presented in 6 blocks of
100 trials, with 25 trials of each condition in every block. To
maximize efficiency, we used a dynamic stochastic design in
which the probability of occurrence of every condition varied
in a sinusoidal fashion over time (Friston et al., 1999). Each
condition was tested in sets of between three and seven con-
secutive trials. For each condition, clusters of five trials were
most common (probability 0.4), followed by clusters of four
and six trials (probability 0.2), and clusters of three and seven
trials were least common (probability 0.1). TMR was held con-
stant within a cluster, but changed across clusters. Clusters of
trials of every condition were presented in pseudo-randomized
order, with the limitation that no two successive clusters were
the same condition. In order to effectively use all trials, the last
trial of every cluster served as a “voice prime” for the next
condition when required, so that listeners gained experience
with the constant voice (in the target, masker, and switch con-
ditions) prior to the first trial of the next cluster. For instance,
the target voice in the trial preceding a target cluster defined
the target voice for all the trials of the target cluster. An addi-
tional dummy trial was added at the beginning of every block
to give prior exposure to the constant voice for the first cluster
of trials. In cases where the block started with a baseline clus-
ter (i.e., no constant voice); both voices in the dummy trial
were different from those of the first trial of the first cluster.
Within each block, target and masker voices were always of
the same sex so that the role of the constant voice could be
switched from target to masker in the switch condition. Male
voices were used for three blocks and female voices for the
other three blocks. The order of the six blocks was counterbal-
anced across participants and optional breaks were offered
between blocks. Prior to the start of the experiment, partici-
pants were familiarized with the experimental paradigm
although they were not told about the different conditions, and
were therefore not aware that they could potentially use voice
consistency as a cue. They all completed a short training ses-
sion of five trials, with feedback, to ensure that they under-
stood the task and knew how to indicate their response.
3. Data analysis
Responses were considered correct if participants identi-
fied both the color and the number uttered by the target
voice. Data for the different conditions were collapsed across
male and female experimental blocks as we found no signifi-
cant interaction with sex. For the switch condition, trials
where the constant voice was the target (switch_T) were ana-
lyzed separately from trials where the constant voice was the
masker (switch_M). Also, in order to examine performance
as a function of the number of successive trials of the same
condition, accuracy scores were computed separately for the
first, second, third, and fourth trials in each cluster from a
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given condition, with a fifth “bin” that collapsed across the
fifth, sixth, and seventh trials in a cluster (since the probabil-
ity of occurrence of this many trials of the same condition in
a row was relatively low). There were 10 trials in the first,
second, and third positions, 9 in the fourth position, and 11
in the fifth position for each condition at each TMR. Data
were entered into a repeated-measures analysis of variance
(ANOVA), and the Huynh-Feldt correction for sphericity
violation was used when necessary. Hypothesis-driven com-
parisons between the target and the baseline conditions and
the masker and the baseline conditions are reported with no
correction (least significant difference); otherwise, for com-
parisons with no a priori hypothesis, Sidak correction was
used to control type I error.
Errors were classified into one of three types according
to which voice uttered the selected color and number coordi-
nates. Errors were labeled “wrong-voice” when listeners
selected both coordinates from the masker voice. In “mixed-
voice” errors, participants selected the number spoken by
one of the two voices in the mixture, and the color spoken
by the other voice. “Other-voice” errors occurred when at
least one of the reported dimensions of the coordinate (color
and/or number) was not present in the trial stimulus phrase.
Since participants made other-voice errors on fewer than 2%
of the trials (such errors comprised <7% of the errors), this
type of error was not included in the analysis. Data (propor-
tion of trials in which a particular type of error was made,
out of all the trials in a particular condition, collapsed across
TMR and trial position) were entered into a repeated-
measures ANOVA, and the Huynh-Feldt correction for
sphericity violation was used when necessary. For post hoc
comparisons, Sidak correction was used to control type I
error.
B. Results
Since they were not told about the objective of the
experiment or the different conditions prior to the task, par-
ticipants were asked in debriefing whether or not they
noticed the presence of a consistent talker during the experi-
ment. Only 4 out of 25 participants did, and 2 out of the 4
specifically found this consistency to be helpful. (Note that
the pattern of results remained the same even when these
participants were excluded from the analysis.)
The repeated-measures ANOVA on accuracy with three
within-subject factors [TMR, with three levels: 3, 0, þ3;
condition, with five levels: baseline, target, masker, switch_T,
and switch_M; and trial position, with five levels: first, second,
third, fourth, and higher (fifth, sixth, seventh)] revealed signifi-
cant main effects of TMR [F(1.39,33.36)¼ 23.09, p< 0.001],
condition [F(3.26,78.24)¼ 10.67, p< 0.001], and trial position
[F(4.00,96.00)¼ 6.15, p< 0.001]. The repeated-measures
ANOVA revealed no significant two-way or three-way interac-
tions among the TMR, condition, and trial position factors (all
p 0.108).
Post hoc pairwise comparisons examining the signifi-
cant main effects revealed that performance increased with
increasing TMRs across conditions, as expected. As shown
in Fig. 1(A), performance was significantly better at þ3 dB
compared to 3 dB (p< 0.001) and 0 dB (p< 0.001), with
no significant difference in performance between the 3 dB
and the 0 dB conditions (p¼ 0.931). Pairwise comparisons
examining the expected effects of target, masker, and base-
line conditions revealed significantly better performance in
the target condition (p< 0.001) and in the masker condition
(p¼ 0.006) compared to the baseline condition. On average,
target-detection performance improved by 5% in the target
condition and 2.6% in the masker condition compared to the
baseline condition. Sidak-corrected comparisons between
the remaining pairs of conditions revealed significantly
better performance in the target condition compared to the
switch_T (p< 0.001) and the switch_M (p< 0.001) condi-
tions. Performance in the masker condition was significantly
better than in the switch_M condition (p¼ 0.038).
FIG. 1. (A) Percentage of trials in which participants correctly selected the
color and number uttered by the target talker as a function of TMR for the
five conditions in two-talker configurations. (B) Performance in the baseline,
target, masker, switch_T, and switch_M conditions in two-talker situations.
(C) Percentage of trials in which participants correctly selected the color
and number uttered by the target talker as a function of trial position for the
five conditions in the two-talker configuration. The error bars represent
standard error of the mean.
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Performance did not significantly differ among the baseline,
switch_T, and switch_M conditions [see Fig. 1(B)]. Post hoc
pairwise comparisons on the trial position factor revealed
that, across conditions, performance was poorer on the first
trial (the first trial in which the voice was repeated) com-
pared to most of the other trials of the cluster [second
(p¼ 0.002), third (tendency; p¼ 0.097), fourth (p¼ 0.010),
and higher (5th, 6th, and 7th; p< 0.001); see Fig. 1(C)].
Performance did not differ among any of the other trial
positions.
The percentage of trials (out of a total of 150 trials in the
baseline, target, and masker conditions and 75 trials in the
switch_T and switch_M conditions) in which wrong- and
mixed-voice errors were committed were entered in a
repeated-measures ANOVA with error type (two levels:
wrong-voice, mixed-voice) and condition (five levels: baseline,
target, masker, switch_T, and switch_M) as within-subject fac-
tors. This analysis revealed a significant interaction between
error type and condition [F(4,96.00)¼ 3.89, p¼ 0.006]. As
shown in Fig. 2, there were no differences across conditions
for the mixed-voice errors (all comparisons p 0.384) whereas
listeners made fewer wrong-voice errors in the target com-
pared to the baseline, switch_M, and switch_T conditions (all
comparisons p 0.001) and in the masker compared to the
baseline condition (p¼ 0.015). This result for the masker con-
dition suggests that a constant voice does not necessarily lead
to an attentional bias toward that voice (such that listeners are
tempted to report it, instead of the correct target).
C. Discussion
In this experiment, performance improved when the tar-
get voice was constant compared to when no voice was held
constant across trials (baseline), consistent with previous
reports (Brungart et al., 2001; Best et al., 2008; Kitterick
et al., 2010; Bressler et al., 2014). Target recognition was
higher and fewer errors were committed in the target condi-
tion overall, with a particularly low incidence of wrong-
voice errors. Improved performance with a constant-voice
target may be due to better segregation, or it could be that
the consistent voice becomes a learned template (Bregman,
1990), and the listener is able to use a template-matching
strategy. However, the template would have to have been
established very quickly (as soon as the target voice was
heard once) since we see advantages in this condition as
early as the second trial position, and we did not see
evidence of a template building up over successive trials.
Our findings also demonstrate that speech perception is
improved when the voice of the interfering talker is constant
across successive trials, and this improved performance can
be explained, as in the constant-target condition, by a drop in
wrong-voice, compared to mixed-voice, errors. Thus, the
constant masking voice did not appear to capture listeners’
attention. Instead, these results are in line with reports of bet-
ter perceptual segregation after priming with a multi-tone
masker (Kidd et al., 2011) or with spatial location (Allen
et al., 2011) or when the masker is a highly familiar voice
(Johnsrude et al., 2013). Since the masker is outside of the
focus of attention, such improved performance due to
masker consistency cannot be due to template-matching
(Bregman, 1990), but may be due to improved segregability
of the two voices.
As for the effect of TMR, we observed no difference in
performance between the 3 dB and the 0 dB conditions, but
better performance in the þ3 dB conditions. These results
are consistent with previous studies showing that target
detection performance on the CRM task is independent of
TMR for values of 3 dB or 0 dB in a two-talker context
(Brungart et al., 2001; Johnsrude et al., 2013). This indicates
that listeners are benefiting from the level difference at
3 dB and are able to attend to the less intense target when
only one masking talker is present. We found no interaction
between loudness and voice-consistency cues; this indicates
that reliable voice-consistency effects can improve speech
segregation even when listeners can also rely on level
differences.
In this experiment, target identification improved signif-
icantly when the target or the masker voice was held
constant across trials; however, this benefit seemed to be
specific to situations where the constant voice consistently
played the same role. We observed no benefit when the
consistent voice switched roles across trials; there were no
significant differences in performance among the baseline,
switch_T, and switch_M conditions. It appears that the role
alternation for the consistent voice in the switch conditions
(from target to masker and back again) prevented listeners
from using their knowledge about this voice to better extract
information. Why the consistent voice in the switch condi-
tion did not provide a benefit is not clear. Listeners might
have been tempted to follow that voice, no matter what role
it played, but, if that were the case, we would have observed
a greater proportion of wrong-voice errors in the switch_M
condition and better performance in the switch_T condition,
which we did not see. In any case, the lack of benefit in the
switch condition indicates that the benefit arising from a con-
sistent voice is not simply due to the familiarity of the voice.
It seems that not only does the voice have to be consistent
across successive trials, but its role, either as a target or a
masker, also needs to be consistent for performance to
improve.
FIG. 2. Percentage of trials with mixed-voice and wrong-voice errors for the
five conditions in the two-talker configuration (experiment 1). The error bars
represent the standard error of the mean.
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In sum, experiment 1 demonstrated improved segreg-
ability of the voices in two-talker mixtures when listeners
are presented with a consistent target or masking voice
although the simple presence of a consistent voice, when the
role alternated from trial to trial between target and masker,
was not helpful. In experiment 2, we examine whether the
benefits associated with a constant target or masker voice
could be observed for three-talker mixtures, with two mask-
ing voices. With two talkers, the masker voice is also segre-
gated once the target voice is segregated, and such
“automatic” segregation may be a necessary prerequisite for
benefit from a consistent masking voice to be realized. With
three talkers, segregation of the target leaves a potentially
unsegregated mixture of two maskers. If a consistent masker
benefit is observed in such situations, it would mean that the
consistent masker must have been successfully segregated
from the novel one.
III. EXPERIMENT 2: EFFECTS OF THE CONSTANT
PRESENCE OFATARGET OR MASKER VOICE IN A
THREE-TALKER MIXTURE
A. Method
1. Listeners
Thirty-eight native English speakers (three males; one
left-handed; age range 18–23 yr; mean age 19 yr; normal
hearing: group mean 3.1 dB HL, range 5.0–11.3 dB HL),
naive to the CRM stimuli and task, participated. Exclusion
criteria, ethics clearance, and consent procedures were the
same as in experiment 1.
2. Stimuli and procedure
The stimuli and procedure were the same as in experi-
ment 1, with the exception that the target voice was presented
concurrently with two masking voices. As in experiment 1,
the target call sign was always Baron, and the masker call
signs were different from Baron and different from each other
(either Arrow, Charlie, or Eagle). The color-number coordi-
nates for the target and the two masker sentences were also
always different. In the masker condition, one of the masker
voices was constant from trial to trial, whereas the other
masker voice changed randomly from trial to trial. Similarly,
in the switch condition, one constant voice alternated
between the roles of target and masker while the identity of
the second masking voice always changed from trial to trial
(as did the other—target or masker—voice). For each trial,
the three phrases were first normalized to the same root-
mean-square (RMS) power. Then the amplitude of the target
was scaled by the TMR value for each specific trial (3 dB,
0 dB, or 3 dB) and the three sounds were added together and
the mixture presented to participants.
3. Data analysis
As in experiment 1, responses were considered correct
if participants identified both the color and the number
uttered by the target voice. Again, data were collapsed across
male and female blocks as there was no significant
interaction with sex. Errors were classified as wrong-voice if
both coordinates were selected from one of the two maskers;
as mixed-voice if the two coordinates were spoken by differ-
ent talkers (either the target and one of the masking talkers,
or one coordinate from each of the masking talkers); or
other-voice, if at least one of the reported coordinates was
not produced by any talker in the mixture. Participants made
other-voice errors on <3% of the trials (<5% of the errors);
therefore, this type of error was again not included in the
analysis. Analysis procedures were essentially the same as
for experiment 1.
B. Results
1. Experiment 2
After the completion of the task, participants were
debriefed and asked whether they noticed the presence of a
constant voice. Out of the 38 participants, 4 noticed the pres-
ence of a consistent talker during the experiment; 3 of these
4 participants found the repetition helpful and 1 specifically
mentioned trying to focus on the constant voice when it was
present for more than 2 trials in a row. (Note that, as in
experiment 1, the results were unchanged when these partici-
pants were excluded from the analysis.)
A repeated-measures ANOVA on accuracy with three
within-subject factors [TMR, with three levels: 3, 0, þ3;
condition, with five levels: baseline, target, masker,
switch_T, and switch_M; and trial position, with five levels:
first, second, third, fourth, and higher (fifth, sixth, and
seventh)] revealed significant main effects of all three fac-
tors: TMR [F(1.96,72.63)¼ 633.83, p< 0.001], condition
[F(3.52, 130.30)¼ 5.52, p¼ 0.001], and trial position
[F(3.99,147.57)¼ 3.99, p¼ 0.008].
Post hoc pairwise comparisons examining the significant
main effects revealed that, across conditions, performance
significantly increased as TMR increased (all comparisons
significant p< 0.001) [see Fig. 3(A)]. Pairwise comparisons
examining the predicted effects among the target, masker,
and baseline conditions revealed significantly better perform-
ance in the target (p¼ 0.009), but not in the masker condition
(p¼ 0.185) compared to the baseline condition. There was,
on average, a 2.5% improvement in performance for the tar-
get condition compared to the baseline. Sidak-corrected com-
parisons between the remaining pairs of conditions revealed
significantly better performance in the target condition
compared to the masker (p¼ 0.009) and the switch_M
(p< 0.001) conditions. Performance in the switch_M
(p¼ 0.107) and switch_T (p¼ 1.000) conditions did not dif-
fer from that in the baseline condition [see Fig. 3(B)].
Finally, post hoc pairwise comparisons on the trial position
factor revealed that, across conditions, performance was bet-
ter in the latter trials of a cluster (fifth, sixth, and seventh)
compared to the first trial of the cluster (p¼ 0.006); no other
trial position effects were significant.
The three-way (TMR by condition by trial position)
interaction was not significant [F(26.78,990.77)¼ 1.23,
p¼ 0.199]. The TMR factor did not significantly interact
with condition (p¼ 0.227) or trial position (p¼ 0.282), but
the condition by trial position interaction was significant
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[F(12.93,478.41)¼ 1.78, p¼ 0.043]. Post hoc pairwise com-
parisons investigating this interaction revealed a significant
effect of trial position only in the target condition.
Performance was best in this condition for the third (all com-
parisons p< 0.018) and higher (fifth, sixth, and seventh posi-
tions; all comparisons p< 0.010) compared to the first,
second, and fourth positions. These three trial positions did
not differ significantly from one another (all comparisons
p¼ 1.000). This pattern is broadly consistent with benefit
from a constant target voice building up over time [see Fig.
3(C)], except for the odd reversal at time points 3 and 4,
with performance at point 3 higher than at point 4 in the tar-
get condition.
The percentage of trials with wrong- and mixed-voice
errors out of the total number of trials in each condition (150
for the target, masker, and baseline conditions; 75 for the
switch_M and switch_T conditions) were entered in a
repeated-measures ANOVA with error type (two levels:
wrong-voice, mixed-voice) and conditions (five levels:
baseline, target, masker, switch_T, and switch_M) as within-
subject factors. This analysis revealed a significant interac-
tion between error type and condition [F(4,148.00)¼ 4.63,
p¼ 0.002]. As shown in Fig. 4(A), fewer wrong-voice errors
were committed in the target compared to all other condi-
tions (all comparisons p< 0.025), while listeners made fewer
mixed-voice errors in the switch_T compared to the masker
condition (p¼ 0.047).
Whereas both masker voices changed from trial to trial
in the baseline, target, and switch_T conditions, one of the
two masking voices was held constant in the masker and the
switch_M conditions. Therefore, there were really two kinds
of wrong-voice errors for these two conditions: the wrong-
voice errors made when listeners selected the random
masker versus when they selected the constant masker. If lis-
teners were to randomly pick one of the masking voices in
the mixture, we should observe no difference between the
two types of errors. Paired t-tests on the percentage of trials
on which these two types of wrong-voice errors were
committed revealed significantly fewer errors involving the
FIG. 3. (A) Percentage of trials in which participants correctly selected the
color and number uttered by the target talker as a function of TMR for the
five conditions in three-talker configurations. (B) Performance in the base-
line, target, masker, switch_T, and switch_M conditions in three-talker sit-
uations. (C) Percentage of trials in which participants correctly selected the
color and number uttered by the target talker as a function of trial position
for the five conditions in three-talker configuration. The error bars represent
the standard error of the mean.
FIG. 4. (A) Percentage of trials with mixed-voice and wrong-voice errors
for the five conditions in the three-talker configuration (experiment 2). The
error bars represent the standard error of the mean. (B) Percentage of trials
with wrong-voice errors for which participants selected the constant or the
random masker for the masker and the switch_M (constant voice alternating
to the masker position) conditions. The error bars represent the standard
error of the mean.
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constant voice compared to the random-voice masker in the
masker condition [p¼ 0.031; see Fig. 4(B)], whereas the
proportion was not significantly different in the switch_M
condition (p¼ 0.710). This suggests that, although we did
not observe a benefit of the masker condition in terms of
accuracy, listeners seem to try to avoid mistaking a constant-
voice masker for the target.
2. Comparison of the results of experiments 1 and 2
In experiment 1, we found that performance on the
target identification task improved, on average, 5% in the
target condition and 2.6% in the masker condition compared
to the baseline condition. In experiment 2, there was, on
average, a 2.5% improvement in performance for the target
condition and no significant improvement in the masker con-
dition compared to the baseline condition.
In order to test whether performance in the target,
masker, and baseline conditions was different in two- and
three-talker situations, we conducted a repeated-measures
ANOVA on accuracy scores with number of talkers (two
levels: two-talker experiment 1, three-talker experiment 2)
as a between-subjects factor and condition (three levels:
baseline, target, masker) as a within-subjects factor. This
analysis revealed a significant number-of-talkers by condi-
tion interaction [F(1.97,120.05)¼ 3.82, p¼ 0.025] due to
better performance in the target (p< 0.001) and masker
(p¼ 0.015) conditions compared to the baseline in experi-
ment 1 (two talkers), and better performance in the target
(p¼ 0.016), but not the masker (p¼ 0.432) condition, com-
pared to the baseline, in experiment 2 (three talkers).
Performance was significantly better in the target compared
to the masker (p¼ 0.001) condition in the three-talker, but
not the two-talker experiment.
We wanted to verify that the benefit associated with the
presence of a constant target talker was similar across a num-
ber of talkers in a mixture, but that the benefit associated
with the presence of a constant masker was not. Target bene-
fit and masker benefit were calculated by subtracting base-
line accuracy scores from target and masker accuracy scores,
within subjects. As shown in Fig. 5, two-group t-tests
revealed that there was no significant difference in benefit
for the target condition between experiments (p¼ 0.083),
whereas the benefit (in the masker condition) was signifi-
cantly larger in experiment 1, with two talkers (p¼ 0.003).
C. Discussion
In experiment 2 (three talkers), best performance was
again obtained in the target condition, as predicted (Brungart
et al., 2001; Best et al., 2008; Kitterick et al., 2010;
Johnsrude et al., 2013; Bressler et al., 2014). The accompa-
nying reduction in errors, compared to the baseline condi-
tion, was accounted for by a reduction in wrong-voice errors,
but not in mixed-voice errors. We examined performance as
a function of the number of successive trials of the same
condition and observed generally better performance for
later trials in the target condition only, suggesting that when
listeners can exploit knowledge of a consistent target voice
in three-talker mixtures, the benefit generally increases
over time. Improved intelligibility associated with such
buildup may reflect enhanced segregation or, alternatively, a
template-matching strategy whereby listeners define a tem-
plate to which they can match signal on subsequent trials
(Bregman, 1990). Bregman (1990) has suggested that
template-matching can work only for signals that are the
focus of attention (i.e., targets) and, indeed, we observe a
pattern consistent with template matching only in the target
condition.
We found no significant difference in performance
between the masker and baseline conditions in this experi-
ment, and performance in the target condition was signifi-
cantly better than in the masker condition; this is significantly
different to what we observed in experiment 1 with two talk-
ers. Our results suggest that the consistent presence of one
masker in three-talker mixtures does not enhance segregation
of the target from the masking signal. The contrasting pattern
of results suggests that the lack of benefit may be related to
the addition of a second interfering talker, since all other
factors were held constant between the two experiments. The
lack of improvement in three-talker mixtures with one con-
stant masking voice may be due to an attentional bias, which
would manifest as people tending to report the constant-voice
coordinates even when the constant voice was a masker, i.e.,
an elevated incidence of wrong-voice errors in the masker
condition. However, specifically for the masker condition, we
found that participants made significantly fewer wrong-voice
errors involving the constant masker compared to the random
masker, indicating that the two masking voices must have
been segregated at least partially. This suggests that partici-
pants may have been trying not to select the coordinates
uttered by the constant masking voice and that they might be
able to use the constant presence of a non-target voice (which
is presumably not the focus of attention) to better ignore it,
even in three-talker mixtures. Although significant, this effect
is not very strong possibly because the masker voice was
only held constant for 3–7 trials in the current experiment. It
has been previously shown that, especially for situations with
more than one interfering talker, the benefit associated with
the constant presence of a (target) voice improves systemati-
cally up to about 30 consecutive trials (Brungart and
Simpson, 2007).
FIG. 5. Comparison of the benefit (percent correct) in the target and masker
condition between the two experiments. The error bars represent the stand-
ard error of the mean.
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Providing information about the masking signal might
indeed improve segregability between the maskers but not
enough to significantly benefit target detection performance,
at least when the voices are held constant for a relatively
small number of trials. Different mechanisms may be
involved when target voice is held constant (i.e., template-
matching of the target voice) compared to when one masker
voice is constant across trials (i.e., enhanced segregation of
the two maskers) in three-talker mixtures.
In experiment 2, as in experiment 1, we observed no
benefit for the switch condition, in which a constant voice
alternated roles between target and masker. In fact, in experi-
ment 2, compared to the baseline condition without a con-
stant voice, we observed poorer performance for trials on
which the constant voice was the masker (switch_M) and no
difference when it was the target (switch_T). This confirms
that listeners can only benefit from the consistent presence
of a voice when the role of that voice is also held constant
across successive trials. Again, since benefit was not
observed in the switch_T condition, and listeners did not
commit more wrong-voice errors when the constant voice
was the masker (switch_M), and they did not tend to select
the coordinates from the constant masker more than those
spoken by the random masker in the switch_M condition, it
does not appear that listeners’ attention is biased toward the
constant voice.
IV. SUMMARYAND GENERAL DISCUSSION
We conducted two experiments to test whether listeners
could better segregate and follow a target message when the
identity of one of the talkers in a two- or three-talker mixture
was held constant across 3–7 trials while all other voices
changed from trial to trial. Our findings add to the growing
body of literature (Brungart et al., 2001; Best et al., 2008;
Kitterick et al., 2010; Bressler et al., 2014) documenting the
benefit that listeners receive from the consistent presence of
a specific target voice in multitalker mixtures. Target speech
intelligibility also improves when a masker voice is consist-
ent in a two-talker mixture, but this benefit largely disap-
pears in three-talker mixtures. However, some minor benefit
was noted in the fact that the listeners were significantly less
likely to report the coordinates spoken by the consistent-
voice masker (compared to those spoken by a concurrent
random-voice masker) in the masker condition, suggesting
that listeners may derive some benefit from having a familiar
masking voice in a three-voice mixture.
In both experiments, listeners almost always perceived
the words uttered by talkers in the mixture, but were not
always able to correctly link the color and number coordi-
nates to the appropriate talker, suggesting a high degree of
informational, not energetic, masking. The closed-set nature
of the CRM sentences forces listeners to recognize all, or at
least part, of the keywords to correctly perform the task. In
natural speech, by contrast, meaningful context is a helpful
cue to understand a target sentence even if some words are
not identifiable from the signal. Our results indicate that the
consistent presence of a particular voice in multitalker situa-
tions can reduce informational masking, similar to other
non-acoustic cues such as context and previous knowledge
(Freyman et al., 2004; Johnsrude et al., 2013).
These experiments showed that the benefit of voice con-
sistency develops rapidly. However, performance may have
continued to improve if the talkers’ identity had been held
constant for more than seven trials in a row. Despite this rel-
atively short exposure time, we observed significant benefit
related to the consistent presence of a voice and the benefits
of consistency appeared to grow over time, particularly, for
a consistent target voice in a three-talker mixture where we
observed a significant effect of trial position (i.e., increasing
benefit as the number of constant trials increases). This sug-
gests that, in three-talker situations at least, the attended con-
stant target voice may become a learned template to which
participants match on subsequent trials (Bregman, 1990).
In the two experiments, we observed significant effects
of TMR. In two-talker mixtures, listeners benefited from level
differences both when the target was more intense and when
it was less intense than the masking voice. In three-talker mix-
tures, listeners did not seem to be able to use level differences
to help segregate a less intense target voice from a more
intense masking signal; instead, performance seemed to
depend more on the level of the target. In both experiments,
we found no interaction between TMR and voice-consistency
conditions. Our results show that voice-consistency effects
can improve speech segregation even when listeners can also
exploit level differences. Although the effects associated with
the constant presence of a voice are not large, they are signifi-
cant and would probably have been larger if voices had been
held constant for more than our maximum seven consecutive
trials (Brungart and Simpson, 2007).
Although a consistent masker was decidedly helpful in
two-talker mixtures, holding one of two masking voices con-
stant in three-talker mixtures did not benefit intelligibility.
This statistically significant interaction suggests that the way the
brain extracts information from voice mixtures differs depend-
ing on whether one or two masking voices are present. One con-
sistent masker in two-talker situations enhances the
segregability of the target and masker voices and, in turn,
improves target detection performance. However, in three-talker
mixtures, one consistent masker may enhance the perceptual
separation of this voice from the others (since participants
seemed to specifically avoid reporting the consistent masker),
but does not seem to enhance the perceptual segregation of the
target from the maskers, since no improvement in target intelli-
gibility was observed, compared to when both maskers were
novel. It is possible that, if we had held voices constant over a
greater number of trials (i.e., more than seven), we may have
observed a benefit (Brungart and Simpson, 2007).
Listeners benefit from the consistent presence of a voice
whether they are exposed a priori to the voice and explicitly
told that this specific talker will be the target for the trials to
come (Brungart et al., 2001; Yang et al., 2007; Huang et al.,
2010), or whether the consistency simply happens, without
explicit instructions. In our experiments, the transitions
between the different conditions were not obvious since
clusters of trials were presented successively without any
breaks, and clusters varied in length. Listeners were not told
about the experimental conditions until after they completed
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the study; they were simply asked to follow the voice saying
the call sign Baron on every trial, and identify the color and
number coordinates spoken by that specific talker. In fact, in
post-experiment debriefing where participants were simply
asked to give their thoughts about the task, they generally
reported that they did not notice the presence of the consist-
ent voice, and only a few spontaneously noted that they
found it to be helpful, and the pattern of results remained the
same when these participants were excluded from the analy-
ses. Interestingly, a recent study looking at the effects associ-
ated with consistency of target talker reported a similar
pattern of better target intelligibility when the previous target
was uttered by the same talker whether listeners were aware
that the voice would repeat or whether they were not told
prior to the task that the target talker would ever repeat
(Bressler et al., 2014).
In sum, our experiments demonstrate that listeners can
use voice consistency as a cue to enhance speech intelligibil-
ity in multitalker mixtures. We demonstrate a clear benefit
associated with the constant presence of a target voice in
both two- and three-talker mixtures, but benefit of a consist-
ent masker voice only in two-talker mixtures. This interac-
tion suggests that different strategies are involved in
exploiting voice consistency in situations with one versus
multiple interfering talkers. Although the constant presence
of a specific talker appears to improve segregation of two
voices in two-talker situations (given the constant-masker
benefit and the lack of trial position effects), listeners seem
to use a template-matching strategy to extract the target
(without necessarily improving perceptual segregation of all
voices) in three-talker mixtures. However, the two maskers
in the three-talker mixtures must have been partially segre-
gated from each other, since listeners made fewer wrong-
voice errors involving the constant compared to the random
talker. This partial segregation was not sufficient to provide
benefit for target identification, however.
In future experiments, it would be useful to examine
whether, and how, a constant voice can improve speech intel-
ligibility in populations of individuals with difficulty under-
standing speech in multitalker situations; such groups include
older adults (Helfer and Freyman, 2008) and individuals with
autism spectrum disorders (Stiegler and Davis, 2010).
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